Study design: Prospective comparative study. Objective: To determine whether control of upper limb joint synergy during unrestrained arm raising involving shoulder and elbow flexion is modified by deltoid-to-triceps transfer. Setting: Rehabilitation unit for spinal cord injury patients, France. Methods: Five C6 subjects with C5-C6 tetraplegia sustained posterior deltoid-to-triceps transfer and were compared to a control group of 11 subjects. Kinematics of shoulder and elbow joints before, 6 month and 1 year after surgery, during straight-arm raising (SAR) in the plane of the scapula and hand-to-nape-of-neck movements (HNNMs) were explored. Motion was recorded with a six-camera Vicon motion analysis system and the data used to assess the coupling of elbow and shoulder flexion velocities (EFVs and SFVs) and extension velocities. Results: All subjects were initially assessed at 6.9 months (mean) postsurgery. Three of the upper limbs were assessed a second time (mean 17.9 months). The first assessment showed an increase in shoulder flexion amplitudes in tetraplegic subjects with presurgery shoulder flexion deficits. Peak SFVs and EFVs and extension velocities were slightly modified at the first postsurgery assessment and dramatically improved at the second assessment during both SAR and HNNM. Despite these increased velocities, joint coordination was only partially restored. Conclusion: A restored elbow active extension improves the speed of elbow flexion. The additional improvement of shoulder motion emphasises the relation between joints in the control of arm movement.
Introduction
The surgical restoration of elbow extension in C6 tetraplegic subjects was introduced by Moberg in 1975 . 1 Several types of tendon transfer can be done. The oldest of these used in tetraplegic subjects, the transfer from the posterior deltoid to the triceps, has been extensively studied. [2] [3] [4] [5] [6] [7] Another method that was initially described for restoring elbow extension in subjects with peripheral paralysis uses the biceps brachii. 8 This has been modified to avoid radial paralysis. 9, 10 Other older techniques initially used to improve elbow extension are no longer used for this purpose, but rather for restoring elbow flexion [11] [12] [13] using the latissimus dorsi 14 or for recovering finger opposition in tetraplegic subjects with the brachioradialis. 15 While the surgical techniques have been extensively described, most objective evaluations have relied on questionnaires about functions that are not specific to subjects with tetraplegia. Such functional evaluations are also more suitable for a programme of complete surgical restoration of prehension, including the restitution of elbow extension and the opposition of one or more digits 16 than for analysing the restoration of elbow extension alone.
Few kinematic studies have been done on the arms of tetraplegic subjects. Most of them have evaluated restricted movements, particularly the kinematics of the elbow, 17, 18 and shown that the lack of active contraction of the triceps brachii is responsible for the slower elbow flexion velocity and prolonged acceleration and deceleration times. Tetraplegic subjects are also slower at carrying out free pointing movements to targets located in front of them. 19 The present study was done to determine whether surgical restoration of shoulder extension of C5-C6 tetraplegic subjects results in faster free arm movements, whether they influence the kinematic parameters of elbow and shoulder articulation, and whether they improve shoulder-elbow coordination.
Materials and methods

Population
This investigation was carried out on five tetraplegic subjects who had suffered traumatic spinal cord injuries, four men and one woman (mean age 27 years SEM 6.0). Both upper limbs of subjects 1 and 3 (S1, S3, Table 1 ) were operated on. Thus in total seven upper limbs were studied. Posterior deltoid-to-triceps tendon transfers were performed in all the subjects. The interface between the posterior deltoid and the triceps was created according to the Pulvertaft technique with Orthomed R artificial tendon wrapped with aponevrosis in each patient. The elbow was splinted in the extended position for 4 weeks after surgery. Physiotherapy began in the 5th postoperative week with complete removal of the splint at the end of the 6th week. Data on the subjects, time of investigation and their ASIA motor scores assessed at the time of investigation are given in Table 1 . The mean time between trauma and surgery was 19.8 months (SEM 4.8). The mean ASIA motor score was 19.2 (SEM 1.3). All subjects could flex their shoulder and elbow against a passive resistance. The preoperative assessment of the upper limb motion was performed 2.1 months (SEM 1.2) before surgery. The first postsurgery assessment was performed when elbow extension was clinically assessed at 3 (on a 1-5 point scale) an average of 6.9 months after surgery (SEM 2.6). A second postsurgery assessment was performed in two subjects (S2 and S3) 17.9 months after surgery (SEM 2.3). The three other subjects were not reassessed because S4 and S5 returned to their homes overseas and S1 died. We compared our results to those of a reference population of 11 subjects, seven men and four women (mean age 27.4 years SEM 4.6). The ages of the two populations were not significantly different (Student's t-test).
General experimental procedure All arm motions were assessed using a Vicon 3D motion analysis system. The locations of markers were similar to those used by Schmidt et al. 20 Four markers were placed on the arm, three on the forearm and one on the hand. Markers were also placed over the seventh cervical and 10th thoracic vertebrae and the sternum (Figure 1) . A static trial was performed first with anatomical markers on the acromion, the elbow (lateral and medial epicondyles) and the wrist (see Figure 1 ). This trial allowed us to estimate the joint centres and axes relative to the technical frames. The anatomical markers were removed during motion capture, leaving just the technical markers. Angles were calculated from the data obtained during the static trial with the position of each segment (trunk arm, forearm and hand) given by the technical markers. This conformation minimized skin movement during the upper limb movement. 20 Shoulder movement was analysed with respect to the trunk, and our marker set did not distinguish between the glenohumeral and the thoraco-scapular joints. 21, 22 Each control subject sat on a stool; the subjects with tetraplegia sat in a wheelchair. All subjects were asked to perform two movements: (i) a straight-arm lateral and maximal raising and return (SAR) and (ii) a hand-tonape-of-neck movement (HNNM) and return. The starting and ending positions were the arm along the trunk. Movements were performed at the subject's preferred speed. The first movement revealed the compensatory activity used by each tetraplegic subject to keep the elbow in extension without active extension during maximal shoulder flexion. The second movement was used to evaluate the synergy between the elbow and shoulder.
Angular data calculation
Each angle was expressed as three successive rotations. At the shoulder, the first rotation was flexion with an axis at the intersection of the frontal and coronal planes of the trunk; zero position was when the arm was down along the trunk. The second rotation was abduction with a vertical axis in the sagittal plane of the trunk; zero position was when the arm was in the sagittal plane of the trunk. The third rotation was rotation of the arm about its axis, joining the acromion marker and the centre of the elbow joint; the zero position was when the axis of flexion of the elbow was in the sagittal plane of the trunk. The flexion axis at the elbow was determined with the markers on the lateral and medial epicondyles (see Figure 1 and for a more detailed description see van der Helm and Pronk 23 ).
Statistical analysis
Data are given as means with their standard error (SEM). Since the number of operated upper limbs was small, a nonparametric test (Wilcoxon's ranking signed test) was used to compare the values before and after surgery. The tetraplegic and the control group were compared using Student's t-test or ANOVA. Figure 2 shows the importance of recovered elbow extension on shoulder kinematics during SAR. This tetraplegic subject (S2) underwent deltoid-to-triceps transfer 2 years after injury, which increased the flexion amplitude two-fold, decreased abduction to the same extent and decreased the peak of external rotation by one-quarter. Table 2 shows the results for the seven operated upper limbs (first assessment). SAR was performed in all the subjects, with a statistically significant decrease in the maximal shoulder abduction (mean 57 SEM 12 before and 14 SEM 6 after surgery), whatever the side operated on. The difference between the shoulder abduction of controls and subjects with tetraplegia before surgery was not statistically significant. Maximal shoulder flexion was severely reduced before surgery in 4/7 subjects (mean 791 SEM 11). Although shoulder flexion increased after deltoid-totriceps transfer by 42% (mean 113 SEM 11) in these subjects, it remained significantly lower (121 SEM 12) than in the control group (1531 SEM 7, Po0.0001).
Results
Straight-arm raising
Maximal flexion during SAR did not change significantly if flexion was greater than 1201 (3/7) before surgery, that is, it was not greater than 10% of presurgery amplitude. Postsurgery evaluation showed no systematic change in arm rotation. Shoulder flexion/extension velocities were calculated during the ascending and descending movements and labelled shoulder flexion velocity (SFV).
The mean SFVs were significantly increased in all the subjects (Table 2 ) during ascent, from 221/s (SEM 11) to 561/s (SEM 19), and descent, from 331/s (SEM 13) to 651/s (SEM 21). The maximal SFVs during ascent before Hand-to-nape-of-neck movement Table 3 displays the peaks of elbow and shoulder kinematic data before and after surgery and the duration of each phase of the HNNM movement (flexion time or ascent and extension time or descending phase). Elbow flexion/extension velocities were calculated during ascent and during descent and labelled elbow flexion velocities (EFVs). Maximal shoulder flexion, abduction and rotations amplitudes were not significantly different from those of the control group and not significantly modified after surgery. Maximal elbow flexion in tetraplegic subjects before surgery was greater (mean 1561 SEM 7) than that of the control group (1491 SEM 4) and decreased slightly but significantly (P ¼ 0.03) after deltoid-to-triceps transfer (from 1561 SEM 7 before to 1451 SEM 15). Ascending time of HNNM was decreased (from 3.9 s SEM 1.9 to 2.9 s SEM 0.9), as was descending time (from 3.2 s SEM 1.5 to 2.4 s SEM 1) at the first postsurgery examination; both decreases were statistically significant.
Maximal SFVs were much lower in tetraplegic subjects before surgery (621/s SEM 22) than those of the control group (2011/s SEM 41). SFV increased in 5/7 upper limbs during the first evaluation after surgery and decreased in two during ascent and descending phase of HNNM (Table 4 ). The mean increase in maximal SFV during the first assessment was 28% during flexion, 38% during extension. The SFV during flexion of S2 and S3 increased 32% between the pre-and postsurgery assessments and by 128% between the early and late postsurgery assessments. The SFVs were close to normal values (Figure 4) S1R  73  115  À41  À20  À41  À22  À56  À67  23  16  24  40  33  50  S1L  135  136  À63  À10  À51  À25  À125  À79  10  10  21  49  44  54  S2R  63  133  À81  À11  À70  À31  À124  À89  13  11  29  70  26  74  S3R  139  130  À44  À5  À40  À49  À104  À82  12  13  9  62  27  87  S3L  125  126  À69  À7  À38  À82  À114  À137  10  11  22  84  37  97  S4  87  103  À52  À28  À24  À1  À43  À18  15  14  39  57  54  61  S5  94  101  À48  À16  À38  À48  À64  À73  33  19  10  27  12  34  Mean  102  121  À57  À14  À43  À37  À79  À78  16  13  22  56  33  65  SEM  26  12  12  6  10  20  30  22  6  2  8  15  10 Maximal EFVs increased during descending phase after surgery (Table 4 and Figure 5 dashed lines) . Before surgery, the mean EFV during descending phase (1091/s SEM 39) was much lower than normal values (mean 241 SEM 29). As for the shoulder, the first postsurgery assessment showed a slight increase in EFV (19%), while the late assessment indicated a near normal EFV (mean 2031/s SEM 19). EFV during ascent increased similarly (Table 4 and Figure 5 straight lines).
The HNMM of the control group showed a smooth coupling of the elbow and shoulder positions (Figure 6a ) during ascent and a more complex coupling of flexion velocities (Figure 6b ). The coordination of elbow and shoulder positions was greatly disrupted in tetraplegic subjects, usually with a larger elbow flexion at the beginning of the movement (Figure 6c ) and a late shoulder flexion. Although the elbow and shoulder positions remained coupled in subjects with tetraplegia, Mean joint amplitudes during ascending phase (AP) and descending phase (DP) and mean duration of AP and DP calculated before and after deltoid-to-triceps transfer. Wilcoxon's signed ranking test was used to compare pre-and postsurgery data. NS: not significant the coordination of the joint flexion velocities was completely anarchic (Figure 6d ). The synergy of elbow and shoulder positions improved slightly at the first assessment after surgery, with a similar absence of coupling between flexion velocities ( Figure 7a 0 and b 0 ). The coupling of elbow and shoulder positions remained irregular (Figure 7b ) and the onset of the movement was sometimes a shoulder flexion that was never observed in the control group (Figure 6a) . The late postsurgery assessment showed improved joint coordination during flexion. The coupling of elbow and shoulder positions became more regular and shaped as in the control group (Figures 7c and 6a) .
Flexion velocities improved after surgery, but the coordination of flexion velocities varied from subject to subject. Figure 8 shows the strategies of coordination in elbow and shoulder flexion velocities during ascending and descending phases of HNNM for the three upper limbs assessed late as well as for control subjects. S2 dissociated EFVs and SFVs, with an early increase in EFV during the ascending phase and a late decrease in EFV at the end of the movement. The S3 right upper limb had lower joint velocities with a more irregular shape. While the movement of S3 left upper limb seemed to have a normal velocity profile during ascent, the descending phase was more irregular (Figure 7c 0 ). 
Discussion
We find that transfer of the posterior deltoid to the triceps in C5-C6 subjects with tetraplegia improves the kinematics of arm movement when executing two free arm movements. When active stabilisation of the elbow is required, as for lateral elevation, the restoration of active muscle contraction allowing elbow extension increases the amplitude of movement and the speed of shoulder flexion in both the ascending and descending phases as soon as the first few months after surgery. While surgery does not change the amplitude of twojoint movements (HNNM) that require flexion of both the shoulder and elbow, it does permit faster shoulder and elbow flexion during the arm raising and lowering phases. The increased flexion speed is much greater during evaluations done over a year after surgery. The joint synergy is also improved during this late evaluation. This varies from one subject to another, and from one limb to another in the same subject. Most instrumental evaluations of the results of surgery to restore active extension of the elbow in C6 tetraplegic subjects have measured the strength of the transferred muscle, and thus improved elbow extension.
2,4,24 Our study of unconstrained arm movements (HNNM) reveals faster elbow extension, indicating the restoration of extension torque, but it also shows a parallel increase in the speeds of elbow flexion and shoulder flexion and extension in movements involving the shoulder (HNNM) and in isolated shoulder movements (SAR). Wierzbicka et al 25 showed that contraction of the triceps brachii during pure elbow flexion allows the flexion muscles to produce a larger amplitude flexion plus greater acceleration of the forearm than that obtained without triceps activity. Thus, the triceps controls the time of the movement in rapid movements and is thus a major parameter in controlling the speed of elbow flexion. 25 Elbow flexion is slower in C6 tetraplegic subjects who have no triceps brachii contraction, despite the fact that they have no deficit of isometric force in elbow flexion. 17 Our results show that the increased speed of elbow extension is directly linked to the restoration of active elbow extension by tendon transfer. But, also with increased elbow flexion speed during unconstrained movements (HNNM), confirming the findings of Wierzbicka et al 25 during constrained horizontal single-joint movements.
Brys and Waters 26 demonstrated improved joint function depending on the force of an adjacent joint after the restoration of prehension by the transfer of the brachioradialis to the flexor pollici longus in tetraplegic patients. The force of the finger-thumb opposition (pinch) was found to be increased as the elbow extension force increased. There could be several reasons for the great increases in shoulder flexion and extension speeds that we have seen after restoration of elbow extension. It could be because of the loss of biomechanical adaptation of the shoulder to compensate for the deficient elbow extension, to an increase in shoulder flexion force resulting from increased shoulder extension torque, or to increased shoulder flexion linked to increased elbow extension torque. Tetraplegic subjects identical to those we have studied raised themselves by movements involving flexion and adduction of the shoulder to compensate for their lack of elbow extension. 27, 28 Part of the overall upper limb movement, which is done by the elbow extensors in the control group, can thus be compensated for in our tetraplegic subjects by a change in shoulder kinetics or kinematics. The restricted speed of shoulder flexion during SAR before surgery may thus be partly because of the compensation that the shoulder must develop to allow passive elbow extension when there is no active contraction of the triceps brachii. The restoration of triceps function also allows the shoulder to fully use its kinetic capacity and to develop normal flexion speeds during both concentric (elevation phase) and eccentric movements (descending phase). The faster shoulder flexion that we have observed following surgery may also be linked to improved shoulder extension torque, although the isometric power of a muscle falls after the transfer of one of its insertions. 1, 29 The torque of the posterior deltoid might increase after surgery because the insertion is moved 25 cm towards the end of the humerus by the addition of a graft. The same mechanism as in elbow flexion 17 may well explain the faster shoulder flexion. Our protocol does not allow us to differentiate between these various mechanisms; thus further studies are needed.
While we have demonstrated an increase in flexion speed after surgery, we have not found any synergy between the shoulder and elbow joints comparable to that seen in the control group, even after some considerable time postsurgery. This problem of speed coordination could be because of the lack of any change in proprioceptor deficit from the medullary damage. The control of free arm movements depends on proprioceptor activity. 30 Thus, although the proprioceptive control of areas below the lesion is unchanged in our subjects, the proprioceptive information generated by an elbow movement is inevitably reinforced by the tendon transfer.
It has been shown that the posterior deltoid has anatomical features that make it ideal for restoring elbow extension in C5-C6 tetraplegic subjects, 7 but the quality of the results of tendon transfer seem to depend on several factors. The mechanical behaviour of the transfer is not the same as that of a normal triceps: the isometric coupling peak is much weaker and occurs at 1301 of flexion instead of at 1101 as in the normal triceps. 4 Isokinetic evaluation of the elbow extension also shows a great reduction in the maximum torque in tetraplegic subjects after transfer of the posterior deltoid, but also shows that the acceleration and deceleration phases are four to five times slower. 24 The chronic decrease in elbow extension torque after muscle transfer may be partly responsible for the lack of uniform control of joint coordination that we find, or the development of a compensatory strategy, as in our patient S2. The variation in extension torque is also much greater in tetraplegic subjects after tendon transfer than in the control group. 4 The placing of the transferred tendon under tension during surgery directly influences the quality of outcome. 2, 31 The gradual postsurgery elongation of each tendon varies greatly from one individual to another (23.175.8 mm), 32 which can explain the variability of joint coordination from one upper limb to another of the same tetraplegic.
There have been few instrumental evaluations of the benefit of surgery on the upper limbs of tetraplegic subjects, 16, 24, 33 although many studies have demonstrated the functional benefit of such surgery. 2, 3, 12, 24, [34] [35] [36] [37] Functional scales are usually used to determine the improvement in elbow function following surgery for tendon transfer. 2, 5, 9, 37, 38 A recent study by Dunkerley et al 37 found no significant difference between the activities of independent daily living and the use of a manual wheelchair in two groups of tetraplegic subjects with injuries at the same level; one group underwent transfer of the posterior deltoid to the triceps while the other did not. These two groups were evaluated for their performance, measured with the functional independance measure (FIM) and their wheelchair performance over 10 m and in controlling the wheelchair. The authors suggest that the FIM may not be sensitive enough to assess this type of therapy, and that it might be necessary to develop more sensitive scales. 19 Threedimensional analysis of movement seems to be a powerful tool that could satisfy certain requirements for testing the quality of functional results of tendon transfer surgery in tetraplegic subjects.
Conclusion
Stabilisation of the elbow by transfer of the posterior deltoid to the triceps provides early increases in the joint amplitude during free movements of the upper limb in C6 tetraplegic subjects. The peaks of shoulder and elbow flexion speed are almost normal, indicating the importance of restoring elbow extension torque for improving the whole kinematic picture of the upper limb in these subjects. It also emphasises the influence of the kinetic behaviour of a joint on the kinematics of an adjacent joint. But, despite this great improvement in upper limb kinematics, the synergy between the shoulder and elbow joints is not completely restored.
